Reduction of Axial Kinetic Energy Induced Perturbations on Observed Cyclotron Frequency  by Kaiser, Nathan K. et al.
Reduction of Axial Kinetic Energy
Induced Perturbations on Observed
Cyclotron Frequency
Nathan K. Kaiser, Chad R. Weisbrod, Brian N. Webb,
and James E. Bruce
Department of Chemistry, Washington State University, Pullman, Washington, USA
With Fourier transform ion cyclotron resonance (FTICR) mass spectrometry one determines
the mass-to-charge ratio of an ion by measuring its cyclotron frequency. However, the need to
confine ions to the trapping region of the ion cyclotron resonance (ICR) cell with electric fields
induces deviations from the unperturbed cyclotron frequency. Additional perturbations to the
observed cyclotron frequency are often attributed to changes in space charge conditions. This
study presents a detailed investigation of the observed ion cyclotron frequency as a function
of ion z-axis kinetic energy. In a perfect three-dimensional quadrupolar field, cyclotron
frequency is independent of position within the trap. However, in most ICR cell designs, this
ideality is approximated only near the trap center and deviations arise from this ideal
quadrupolar field as the ion moves both radially and axially from the center of the trap. To
allow differentiation between deviations in observed cyclotron frequency caused from changes
in space charge conditions or differences in oscillation amplitude, ions with identical
molecular weights but different axial kinetic energy, and thus amplitude of z-axis motion, were
simultaneously trapped within the ICR cell. This allows one to attribute deviations in observed
cyclotron frequency to differences in the average force from the radial electric field experi-
enced by ions of different axial amplitude. Experimentally derived magnetron frequency is
compared with the magnetron frequency calculated using SIMION 7.0 for ions of different
axial amplitude. Electron promoted ion coherence, or EPIC, is used to reduce the differences
in radial electric fields at different axial positions. Thus with the application of EPIC, the
differences in observed cyclotron frequencies are minimized for ions of different axial
oscillation amplitudes. (J Am Soc Mass Spectrom 2008, 19, 467–478) © 2008 American Society
for Mass SpectrometryFourier transform ion cyclotron resonance (FTICR)mass spectrometry [1, 2] has become the idealmass analyzer for the analysis of multiply
charged ions produced by electrospray ionization with
its ability to provide high-resolution and accurate mass
measurements. It has become common practice to cou-
ple electrospray ionization to liquid chromatography
for online analysis of complex mixtures with FTICR–
mass spectrometry (MS) [3–5]. To effectively sample the
chromatographic peaks as they elute from the column,
a short duty cycle is needed. However, with ion cyclo-
tron resonance (ICR) mass spectrometers, the achiev-
able mass resolving power, sensitivity, and mass mea-
surement accuracy decrease with shorter acquisition
time periods. Therefore, the majority of the time ions
spent in the ICR cell is used for detection and not on
some form of ion manipulation event such as ion
accumulation, ion focusing, or ion selection. To meet
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doi:10.1016/j.jasms.2007.12.009the demand for high-throughput analysis while utiliz-
ing the high performance that FTICR mass spectrome-
ters offer, ions are usually accumulated external to the
magnetic field and then trapped in the ICR cell with
some variation of gated trapping [3, 6–8]. Hybrid
instruments allow for ion selection and fragmentation
to take place external to the magnetic field. Minimizing
individual spectrum acquisition time increases the
number of MS and tandem mass spectrometry (MS/
MS) acquisitions that can be obtained during an liquid
chromatography (LC)–MS analysis. Therefore, little
time is spent on ion manipulation inside the ICR cell.
Ions are trapped in the ICR cell perpendicular (x–y)
to the cell axis by the magnetic field and along the ICR
cell axis (z) by a static potential applied to the trapping
electrodes. The finite dimensions of the ICR cell result
in two further motions in addition to cyclotron motion
within the ICR cell: a trapping oscillation along the
z-axis and magnetron motion. The ability to produce a
three-dimensional (3D) axial quadrupolar potential is
needed to obtain an ion cyclotron resonance frequency
that is independent of the ion location within the ICR
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468 KAISER ET AL. J Am Soc Mass Spectrom 2008, 19, 467–478cell. This ideal electric field shape can be achieved only
with a hyperbolic-shaped cell [9]. However, by apply-
ing the same dc voltage to each of the trapping elec-
trodes of just about any trap geometry will approximate
a quadrupolar electrostatic trapping potential near the
center of the ICR cell [10]. This idealized electrostatic
field is present only at the center of the ICR cell and, as
the ions are moved axially and/or radially away from
the ICR cell center, the electric field deviates from
quadrupolar. Therefore, the observed cyclotron fre-
quency becomes dependent on its position inside the
ICR cell. The variation in cyclotron frequency as a
function of z-axis position has been of concern to
researchers in the ICR field for many years [11, 12].
Early trapped cell experiments by McIver and cowork-
ers had hyperbolic-shaped electrodes to minimize these
effects [13]. Many groups have shown that detailed
knowledge of frequency shifts due to nonideal electric
fields are required to maximize instrument perfor-
mance [14–16]. Mitchell developed a theory of trapped
ion motion in the non-quadrupolar electrostatic poten-
tial of a cubic ICR cell [17]. At a large radial or axial
distance from the center of the ICR cell the rapid
periodic cyclotron and axial motions of a single ion
time-average spatial nonidealities in the electric and
magnetic fields [18]. However, these same nonidealities
also disrupt the ion motion of a coherent ion packet,
increasing the rate of signal decay [19]. There are a
number of trap configurations that have been proposed
or tested to decrease these nonidealities [20–25].
With the 3D quadrupolar potential achieved at the
center of the ICR cell it becomes desirable to reduce the
ion oscillation amplitude so that ions are located pri-
marily at the center of the ICR cell during excitation and
detection. In addition, quadrupolar axialization im-
proves virtually every aspect of FTICR performance
[26]. Higher performance measurements are usually
obtained with some form of ion cooling method as well
as a reduction of trap plate potentials before ion detec-
tion [27, 28]. There are a number of different methods
that have been used to reduce ion axial motion in the
ICR cell such as introduction of a collision gas into the
ICR cell [29], side-kick [8], evaporative cooling [30, 31],
and adiabatic cooling [27]. The method we describe here
has great potential in combination with these methods
to further minimize differences in magnetron frequency
for ions of different z-axis oscillation amplitudes.
Gated trapping is attractive because it can decrease
the data acquisition time period by accumulating ions
external to the ICR cell. However, when gated trapping
is performed ions can have different z-axis kinetic
energies in the ICR cell. However, due to time-of-flight
effects and the ion distribution as they exit the accumu-
lation cell, all ions do not reach the center of the ICR cell
at the same time [32]. The position of the ions at the
moment the potential applied on the front plate is
increased will result in different trapping oscillation
amplitudes. Ions located at the center of the trap will be
efficiently trapped. However, ions located at the edgesof the trapping regions when the potential is increased
will result in those ions having larger z-axis oscillation
amplitudes. This produces a dispersion of ions along
the z-axis of the ICR cell. This will result in a change in
the observed cyclotron frequency based on ion axial
position and/or rapid dephasing of the ion cloud [6, 19,
33, 34]. Therefore, scan-to-scan variation of ion kinetic
energy will change the observed cyclotron frequency
and also should cause nonlinear calibration errors.
z-Axis motion is an important parameter to consider
when performing high-performance measurements,
since ions of different z-axis amplitude may experience
different average magnetic field strength and radial
electric field strength. It has been reported that during
the detection period, the trapping motion effectively
averages out differences in electric or magnetic field
over z-axis amplitudes [18, 35]. This is explained by
motional averaging of the radial electric field. That is,
the z-axis oscillation frequency is usually much higher
than the magnetron frequency. Thus, motional averag-
ing of the radial electric field during z-axis oscillation
yields an average of the radial electric field experienced
by an ion [36]. Vartanian and Laude [37] showed that
for an open cylindrical cell modulation of the z-axis
oscillation amplitude induced changes in the magne-
tron frequency.
Motion of ions in the ICR cell is complex and still not
fully understood. Although fairly simple for a single
ion, the complexity of ion motion increases with in-
creasing number of ions within the ICR cell. Small
perturbations in the observed cyclotron frequency from
scan to scan are often attributed to changes in space
charge conditions. This work focuses on changes in the
observed cyclotron frequency as a function of z-axis
oscillation amplitude. We show that ions with the same
mass but different axial kinetic energies exhibit differ-
ent observed cyclotron frequencies. We also present a
further utility of the technique called electron promoted
ion coherence (EPIC) [38–40], in which the application
of an electron beam through the center of the ICR cell
during detection alters the radial electric fields to pro-
duce longer transients. This technique is similar to the
wire ion guide ICR cell designed by Russell and co-
workers, which utilized a wire suspended along the
axis of the ICR cell for modification of the trapping
electric field [41, 42]. In our first EPIC paper we showed
that with EPIC, we could achieve a threefold improve-
ment in resolution and sensitivity by changing the
electric fields. In the second EPIC paper we demon-
strated that high mass measurement accuracy is possi-
ble with the technique, and characterized the effects the
electron beam has on the observed cyclotron frequency.
Here we present additional results that illustrate the
underlying principle for the improvements made pos-
sible with this technique. In this research, the use of
EPIC produces an observed cyclotron frequency that is
independent of z-axis oscillation amplitude.
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Ions were produced using electrospray ionization by
applying approximately 2.5 kV to the entrance to the
mass spectrometer. The electrospray solution was 49:
49:2 by volume of water:methanol:acetic acid. Ions were
analyzed with a Bruker Daltonics 7T ApexQ FTICR
mass spectrometer (Billerica, MA, USA). The instru-
ment utilizes the Infinity cell [43] for image current
detection. The mass spectral data were acquired with
Xmass version 7.0.6 as the data acquisition software.
Bradykinin, melittin, and insulin were purchased from
Sigma (St. Louis, MO, USA). Solutions of peptides (10
M) were infused by direct injection with a syringe
pump at a rate of 0.4 L/min. Ions were accumulated in
a hexapole following isolation with the mass selective
quadrupole. Ion intensity was varied by changing the ion
accumulation time in the hexapole. The accumulation
time varied between 0.1ms and 2.0 s. Ionswere trapped in
the ICR cell with the use of gated trapping. The ions were
typically excited to cyclotron radius between 30 and 40%
of the ICR cell radius. This radius corresponds to the
inflection point in the radial electric fields derived from
the SIMION modeling for EPIC experiments. The data
were analyzed with ICR-2LS [44]. To determine frequen-
cies, all transients were Welch apodized followed by one
zero-fill before Fourier transformation to the frequency
domain. Ion abundances used for space charge frequency
corrections were calculated by taking the initial amplitude
from the extracted transient of the monoisotopic peak in
the frequency domain [45, 46]. This process was done
instead of obtaining ion abundances directly from the
peak intensity because the peak intensity will change for
ions with different signal decay rates.
The pulse sequence to simultaneously trap ions with
different axial kinetic energies in the ICR cell called a
“double trap” experiment is shown in Figure 1a. Bra-
dykinin (M2H)2 was accumulated in the hexapole
region and then sent to the ICR cell followed by
injection of a cooling gas (argon) with a pulse length of
1.5 ms. After an 8-s delay, a second ion packet of
bradykinin (M2H)2 is accumulated in the hexapole
and sent to the ICR cell, followed immediately by
excitation and detection. The pulse sequence was set up
to individually control the ion accumulation time pe-
riod for each ion injection event. The trapping poten-
tials were set at 1.5 V for all “double trap” experiments.
The magnetron frequency was calculated with
SIMION 7.0 software (SIMION 7.0 3D, version 7.0, D. A.
Dahl, Idaho National Engineering Laboratory, Idaho
Falls, ID). The magnetic field strength was set at 7 Tesla
for the magnetron frequency simulations. The ICR cell
used for the simulations was a closed cylindrical cell
(dimensions: 64 mm long; diameter: 60 mm). The radial
electric fields were also calculated with SIMION 7.0 at
1-mm intervals along the z-axis, at different cell radii.
The segmented trap plates of the Infinity cell were
treated as if they were a single electrode. This will cause
only minor deviations in the calculations very near thesurface of the electrodes, and would not alter the
calculated fields presented here.
To initiate larger z-axis amplitude, ions were first
cooled axially with a pulse gas valve event; 1.5 V was
applied to both trap plates. After an 8-s delay the back
trap plate was dropped to ground for a defined period
of time (51 to 2000 s), then raised back to 1.5 V for 400
s, before being dropped back to ground. The front trap
plate remained at 1.5 V. The number of times that the
back trap plate was lowered and raised was varied
Figure 1. “Double trap” experiment. (a) Pulse sequence for the
“double trap” experiment that includes two separate ion injection
events. (b) The monoisotopic peak of bradykinin (M2H)2 with
different ion accumulation time periods given in microseconds.
Solid line represents the “double trap” experiment. The first ion
accumulation time period (located left of the peak) was varied,
whereas the second ion accumulation time period (located to the
right of the peak) remained constant. The dotted line represents a
single ion injection that corresponds to the first ion injection event
(cooled ion packet) of the “double trap” experiment. The accumu-
lation for the single ion injection experiment was also varied.
(c) The solid line is the “double trap” experiment and the dotted
line is a single ion injection that corresponds to the second ion
injection event of the double trap experiment.between 1 and 10.
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nally installed to conduct electron capture dissociation
experiments. The cathode was heated with 1.5 to 1.6
amps of current. To send electrons through the center of
the ICR cell during detection the potential to the cath-
ode was pulsed negative (0.0 to 1.0 V). At all other
times the potential applied on the cathode was held at
a positive 10 V. The cathode is pulsed negative after the
excitation event and remained negative throughout the
detection event.
Results and Discussion
Simultaneous Detection of Ions with Different
Kinetic Energies
Although it has been shown that motional averaging of
the radial electric field results in a single observed
cyclotron frequency for a range of different axial kinetic
energies, it is possible to observe separate peaks within
the same spectrum for ions with the same mass value
but distinctly different axial kinetic energies. Figure 1b
shows the results from the double trap experiment in
which the first ion packet is injected into the ICR cell
followed by a pulse gas event. This was done to cool the
axial motion and allow the ions to be focused axially to
the center of the ICR cell. After an 8-s delay to allow the
cooling gas to be pumped away, a second ion packet is
injected into the ICR cell. This allows for two packets of
ions with the exact same mass value that differ only in
kinetic energy to be trapped in the ICR cell. The cooled
ions will have small z-axis oscillation amplitudes,
whereas the ions from the second injection will have
much larger z-axis oscillation amplitude. The resulting
mass spectrum yields two peaks for the same mass
value. In Figure 1b, the accumulation time for the first
ion injection event was varied, whereas the accumula-
tion time for the second ion injection event remained
constant. As expected, increasing the accumulation time
for the first ion injection event results in an increase in
peak intensity for the corresponding peak in the spec-
tra, whereas the peak intensity resultant from the sec-
ond ion injection event remained constant. This dem-
onstrates independent control over the number of ions
injected into the ICR cell for the separate ion injection
events. The results from the double trap experiment
were compared with a single ion injection event that
mimicked either the first or second ion injection event
of the double trap experiment. The result from only a
single ion injection for the first injection event is repre-
sented by the dotted line in Figure 1b. The result for
the single ion injection for the second ejection event is
shown in Figure 1c. The pulse sequence remained the
same between the single ion injection event and the
double trap experiment, with the exception of altering a
voltage parameter in the source region to gate the ions.
For the same ion accumulation times, the peak intensi-
ties are similar between the single ion injection and the
corresponding peak in the double trap experiment. Thepeak for the single injection is shifted to a slightly lower
m/z value, indicating higher frequency. This could re-
sult from a lower number of total ions trapped in the
ICR cell (one ion injection versus two ion injections) that
results in different space charge conditions. Alterna-
tively, the z-axis oscillation amplitude of the cooled ion
packet may have increased slightly during the injection
of the second ion packet. The front trap plate was
pulsed to ground for the ion flight time (1.5 ms) before
being raised to 1.5 V for ion detection.
The double trap experiment was designed to mini-
mize differences in space charge conditions that might
occur if the experiments were performed separately. If
the frequencies had been measured in separate experi-
ments it would be difficult to differentiate frequency
shift contributions to the observed cyclotron frequency
resultant from space charge from those resultant from
axial oscillation amplitude. The double trap experi-
ments allow us to ascribe the differences in observed
frequencies to axial oscillation amplitude differences. In
reducing the axial kinetic energy of the ions in the ICR
cell with a collision gas, the space charge conditions are
also changing. A cooled ion packet likely experiences
higher space charge conditions since the spread in axial
positions of the ions is decreased. One might therefore
expect cooled ions to exhibit lower cyclotron frequen-
cies due to increased space charge conditions [47, 48].
However, as shown in Figure 1b the cooled ion packet
is observed at a lower m/z value, indicating that it has a
higher observed cyclotron frequency. The difference in
frequency results from the difference in average radial
electric field experienced by the ions. Figure 2 shows
the calculated magnitude of the outward directed radial
electric field along the z-axis at 45% of the ICR cell
radius with 1 V applied to the trap electrodes. The
magnitude of the radial electric field changes with ion
position along the z-axis. Increasing the trap plate
voltage will increase the difference in magnitude of the
radial electric field across the z-axis of the ICR cell.
Therefore, as an ion oscillates between the trap plates it
will experience differences in the magnitude of the
radial electric field. The resultant magnetron frequency
is correlated to the average radial electric field experi-
enced by the ions. Therefore, changes in the average
radial electric field produced from differences in axial
motion will be reflected in the magnetron frequency.
The magnetron frequency is also shown in Figure 2
for ions with different axial oscillation amplitudes. Ions
with different axial kinetic energy in the ICR cell will
have different axial oscillation amplitudes, and will
thus experience a different average radial electric force.
Dunbar and coworkers [49] were able to map out
electric field imperfections in a cubic ICR cell by mon-
itoring the magnetron frequency of the ions. A cooled
ion packet will have small axial oscillation amplitude,
will be located at the center of the ICR cell, and will
experience little change in the radial electric field along
the z-axis. In Figure 2, the magnetron frequency is
smallest at the center of the ICR cell. As the kinetic
he c
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magnetron frequency increases. An ion with small
amplitude of z-axis motion will have a greater observed
cyclotron frequency because it has a smaller magnetron
frequency. This relationship is shown in Eq 1 where 
is the observed cyclotron frequency, c is the unper-
turbed cyclotron frequency, and  is the magnetron
frequency [1]:
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Three sets of data are illustrated in this figure. The
duration between the pulse valve event following ion
injection and cyclotron excitation (Œ) was varied. In-
creasing the duration between the pulse event showed
no noticeable trend in measured cyclotron frequencies.
This indicates that ions are cooled axially to the middle
of the ICR cell. No time points were taken with a delay
of 2 s due to the deleterious effects the high pressure
has on ICR signal detection. Thus, the delay period
between ion cooling and ion excitation had no observ-
able effect on the axial position of the ions. The next set
of experiments examined the frequency difference for
ions that were subjected to variable delay times be-
tween ion injection into the ICR cell and cyclotron
excitation with no pulsed valve (). With a delay of
about 10 s between ion injection and excitation the
ions have the lowest observed frequency, which indi-
cates that these ions have the largest axial motion
immediately after ion injection. As the delay period
increases the observed frequency increases, which re-
sults from ions being cooled to the middle of the ICR
cell through either ion–neutral or ion–ion interactions.
The signal amplitude remained constant for each delay
period, indicating that ions are not lost from the ICR cell
during the delay period. Therefore, the change in fre-
quency can be attributed to a change in axial position,
rather than alterations in space charge conditions. After
approximately a 7-s delay the observed frequency lev-
eled off at the same frequency one would expect if the
ions were cooled to the center of the ICR cell with the
addition of a cooling gas. This indicates two things:
first, after some set time period the axial oscillation
amplitude was not being reduced further and, second,
the ion axial amplitude with the delay between ion
injection and excitation approaches the ion axial ampli-
tude following the pulse gas event. This experiment
was also carried out with melittin and insulin to test for
mass dependence of this axial relaxation. All three
tested species exhibited the same effect of increased
frequency with delay time before leveling off at ob-
served frequencies that agreed with those recorded
with the corresponding pulse gas experiments. Figure 3
also shows results of the experiments in which a pulse
gas event was followed by a variable delay time before
ion injection into the ICR cell (). When the pulse gas
event is immediately followed by ion injection, there are
enough neutral molecules in the ICR cell to cool the ions
the same as if the ions were trapped and cooled with a
pulse gas event. This is evident from the data in Figure
3 because the measured frequencies with this delay
period of0.5 s agreed closely with those measured for
cooled ions (Œ). It should be noted that, if the delay
period between the pulse gas event and ion injection
was 2 s an additional delay was added so that the
total time between the pulse gas and cyclotron excita-
tion was 2 s to allow time for the residual neutral
molecules to be pumped away. As the delay period
between the pulse gas and ion injection increases, theobserved frequency decreases. This results from the
neutral gas molecules being pumped away and, there-
fore, when ions reach the ICR cell there are insufficient
ion–neutral collisions to promote complete cooling of
axial ion motion. Furthermore, a delay of1 s results in
observed frequencies that are in close agreement with
those acquired with no pulsed valve (). Importantly,
these data illustrate that the degree to which the ions
are cooled changes their axial oscillation amplitude and
thus their observed frequencies.
Determination of Magnetron Frequency
Magnetron frequency was determined experimentally
for both the pulsed gas and the non-pulsed gas exper-
iments. This was achieved by varying the trap plate
potentials from 3.0 to 0.5 V. The application of trap plate
potentials induces the radial electric field that drives
magnetron motion. Increasing the applied trap plate
potentials increases the force from the outward directed
radial fields and results in higher magnetron frequen-
cies. The results from investigation of the effects of trap
potentials on observed frequencies with and without
pulsed gas both produced linearly increasing frequen-
cies with decreasing trap plate potentials. The observed
frequencies for the cooled ions were higher at every
applied trap plate potential. The difference between the
two datasets becomes greater with increased trap plate
potential. The observed cyclotron frequencies for the
non-pulsed gas experiments decreases (as trap poten-
tials are increased) at a greater rate. This indicates that
the radial electric fields are changing more at greater
z-axis position with increased trap plate potentials.
Extrapolation of the measured cyclotron frequency to 0
V on the trapping plates produces the unperturbed
cyclotron frequency. With 0 V applied to the trapping
plates, the ions will not experience any radial fields and
there should be an absence of magnetron motion. The
difference between the y-intercept and the observed
cyclotron frequency is the result of the magnetron
frequency in the absence of space charge conditions.
Differences in ion intensity at the different trap plate
potentials were corrected with the method developed
by Easterling and colleagues [50]. Separate ion intensity
calibration curves were constructed for the pulsed gas
and non-pulsed gas experiments. Each frequency was
corrected by adding the correct shift (based on ion
intensity) to obtain a frequency with minimal space
charge conditions. The two experiments have different
calculated magnetron frequencies that result from
differences in the z-axis oscillation amplitudes. As the
trap plate potentials increase, the difference in mag-
netron frequency increases. The calculated magne-
tron frequency for the experiments performed with-
out cooling gas increases at a rate of 18.1 Hz/V at an
intercept of 0.51 Hz, and for the pulsed gas exper-
iments the magnetron frequency increases at a rate of
15.0 Hz/V with an intercept of 0.08 Hz. This result is
compared with the magnetron frequency calculated
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lated with z-axis amplitude of 2 mm and a radius of
10 mm to compare with the pulsed gas event, and
also with z-axis amplitude of 38 mm and a radius of
10 mm to compare to the non-pulse gas experiment.
The radius of 10 mm is chosen to match the calculated
excited cyclotron radius; ions will experience the
radial electric force at the position in which they are
located in the ICR cell. The experimental and calcu-
lated magnetron frequencies match closely, indicat-
ing that ions of different z-axis oscillation amplitudes
have different magnetron frequencies.
At 1 V trap potential, the frequency difference be-
tween the two experiments is about 2.5 Hz. A 1- to 2-Hz
shift in frequency will result in a 9–18 ppm error for an
m/z value of 1000 for an FTICR instrument equipped
with a 7 Tesla magnet. Ions that do not have the same
ion kinetic energy from scan to scan will have a slight
variation in the observed cyclotron frequency. Thus,
degradation in the observed mass measurement accu-
racy is expected under these conditions. Also, one
might expect ions of the same cyclotron frequency but
different magnetron frequency to dephase more rap-
idly. A 1- to 2-Hz difference indicates that ions with
extreme differences in z-axis motion (2–38 mm) will be
180° out of phase within 0.5–0.25 s. This is in general
agreement with experimental observations. The mag-
netron frequency decreases proportionally with in-
creased magnetic field strength; thus the difference in
magnetron frequency resulting from different oscilla-
tion amplitudes also decreases. Doubling the mag-
netic field strength should double the time it takes for
ions to become 180° out of phase. Therefore, working
with higher field magnets will help, but ultimately
not circumvent these problems. Improved perfor-
mance must involve further ICR cell technology
development.
Increased z-Axis Amplitude through Excitation of
Trapping Motion
The z-axis motion of a cooled ion packet was excited to
further probe the effect of z-axis distribution on ob-
served ion cyclotron frequency. The z-axis motion was
excited by first cooling the ion packet to the middle of
the ICR cell with cooling gas followed by dropping the
back trap plate to ground successive times for a total of
10 cycles. The time period that the back trap plate was
held at ground was varied. This was done to excite the
z-axis motion and move the ions from the middle of the
trap. Figure 4 illustrates the results observed by varying
the duration of the “pulse length” to ground on the
back trap plate. When the back trap plate potential was
dropped for a time period that approximated one
period of trapping motion, the ions changed their axial
distribution. The calculated trapping oscillation period
for bradykinin (M2H)2 with 1.5 V trapping potential
was 0.323 ms. If the “pulse length” was too long or tooshort the observed cyclotron frequency shifted back to
the original frequency. The frequency of the trap plate
oscillation was estimated to be one half the trapping
frequency when the pulse length matched the trapping
oscillation period. Therefore, at this pulse length it is
possible to directly excite the axial motion and thus to
increase the amplitude of ion axial oscillation. The total
ion intensity shown in Figure 4 remained relatively
constant, indicating that ions are not being ejected from
the ICR cell when the trap plate was dropped to
ground. However, if the time period that the back trap
plate was dropped was too long (2 ms) the ion
intensity decreased. This result agrees with our previ-
ous results that showed that ions with larger axial
kinetic energies have lower observed cyclotron frequen-
cies. The frequency shift observed in the experiment
when the ions are given larger z-axis amplitude is about
4.5 Hz lower frequency. The magnetron frequency
difference calculated with SIMION 7.0 for an ion with
z-axis amplitudes of 2–38 mm at a 10-mm radius with
1.5 V applied trapping potential was about 4.1 Hz. The
experimental results compare well with the calculated
value. The decrease in the observed cyclotron frequency
by increasing the z-axis amplitude results from a change
in the magnetron frequency.
EPIC Results
EPIC was carried out to determine the effect it has on
the observed cyclotron frequency as a function of z-axis
oscillation amplitude. For the SIMION model, a solid
electrode was used to approximate the electron beam.
Although it is not an exact solution, the model does
provide a first-order approximation of the electric
fields inside the ICR cell with EPIC and agrees well
with our previous results [40]. Possibly the large
numbers of electrons in the beam behave more like a
negatively charged plasma and occupy the space
between the cathode and the source trap electrode of
the ICR cell.
The application of EPIC flattens the radial electric
field across the z-axis of the ICR cell at some non-zero
cell radius. The radius at which EPIC results in minimal
change in radial field across the z-axis is a function of
the applied trap plate potential and the number of
electrons traversing the ICR cell. The ability to produce
invariable radial electric fields along the z-axis with
EPIC is shown in Figure 5 [40]. The trapping potential
was set to 1 V on both trapping electrodes. The electro-
static potential was calculated at 1-mm intervals at 42%
of the cell radius with EPIC (Figure 5a) and under
normal operation (Figure 5b). Radial electric fields are
also calculated and overlaid on top of the electrostatic
trapping potentials. The ion oscillation length is also
shown for two different ion kinetic energies. In the
non-EPIC case (Figure 5b), there is a larger difference in
the radial electric force experienced by ions with differ-
ent kinetic energies. With EPIC the ions of different
kinetic energies will experience similar radial electric
474 KAISER ET AL. J Am Soc Mass Spectrom 2008, 19, 467–478fields. When the ion cyclotron radius is excited to this
particular cell radius, the ions will experience the same
radial force regardless of their axial distribution. There-
fore, magnetron frequency and thus the observed cy-
clotron frequency will become independent of z-axis
amplitude.
EPIC was carried out with a variety of applied
cathode bias potentials that change the numbers of
electrons that transverse the ICR cell for both the pulse
gas and non-pulsed gas experiments individually. The
changes in detected cyclotron frequency observed with
changing EPIC conditions for pulsed gas and non-
pulsed gas experiments are shown in Figure 6a. With 0
V applied to the heated cathode, the difference in
observed frequency between the two experiments is
Figure 4. Observed cyclotron frequency of brad
cooled with a pulse gas event, and then displaced
time given represents the “pulse length” or time
The dashed line represents the same frequency
point for the frequency shift.about 6 Hz. This difference in frequency was consistentthroughout all of our experiments, with the pulse gas
having a higher frequency than that of the non-pulse
gas experiment. This also indicates that there were not
enough electrons being sent through the center of the
ICR cell to significantly alter the radial electric fields. As
the cathode potential is biased more negatively, the
observed cyclotron frequency increases for both exper-
iments. The rates at which the frequencies increase for
the two sets of experiments are different. This indicates
that the radial electric field is changing greater at a
further distance from the center of the ICR cell. At about
0.38 V bias to the cathode, there is no difference in the
observed cyclotron frequencies between the two differ-
ent experiments. This signifies that with the application
of EPIC, the radial electric fields are constant across the
in (M2H)2 after z-axis excitation. Ions are first
lly by dropping the back trap plate 10 times. The
od the back trap plate was dropped to ground.
th columns and is added to provide a referenceykin
axia
peri
in boICR cell at the excited cyclotron radius of the ions. If
he tra
475J Am Soc Mass Spectrom 2008, 19, 467–478 AXIAL ENERGY AND CYCLOTRON FREQUENCYthe cathode potential is further increased (negatively),
the two frequencies diverge. The observed frequency
with the non-pulse gas becomes greater than that of the
pulse gas experiment. The increase in frequency results
from the change in magnitude and direction of the
radial electric field experienced by the ions. This indi-
cates that with careful adjustment of the number of
electrons sent through the ICR cell by tuning applied
cathode voltage or heating current, the observed cyclo-
tron frequency is independent of the z-axis oscillation
amplitude of the ions.
To further test the effect EPIC has on the observed
cyclotron frequency with z-axis oscillation amplitude
the “double trap” experiment was conducted with
EPIC. The results are shown in Figure 6b–e. In the
non-EPIC conditions there are two separate peaks that
are visible in the spectrum for the “double trap” exper-
iment, as would be expected based on the results from
Figures 1b and 6a. Results from the cooled and un-
cooled single ion injection experiments are overlaid for
reference of peak position. With 0.4 V applied to the
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Figure 5. SIMION calculations of the radial ele
radius. (a) EPIC with 0.2 V applied to the cen
(b) Closed cylindrical cell with 1 V applied to tcathode there is only one peak that is visible for the“double trap” experiment. This corresponds to the data
from Figure 6a, where the ions from the separate ion
injection events exhibited the same observed frequen-
cies. The frequency from the single ion injection exper-
iments with EPIC match with the double ion injection
experiments with EPIC. The ion intensity for the EPIC
result in the “double trap” experiment is higher than
that of the single ion injection, since the “double trap”
experiment had more ions resulting from two different
ion injection events. This shows that with EPIC there is
no change in observed cyclotron frequency between
cooled and uncooled ions. This is especially important
for gated trapping when trapped ions may have differ-
ences in trapping oscillation amplitudes.
In our previous publication, we showed that the
application of EPIC can improve the resolution and
sensitivity by about threefold. Even after the ions were
cooled with a collision gas and the trap plates set at low
voltage potentials, we were still able to see these same
improvements. In the double trap experiments, ions
were forced to have different kinetic energies to allow
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476 KAISER ET AL. J Am Soc Mass Spectrom 2008, 19, 467–478z-axis oscillation amplitude. Typically, an instrument is
tuned to minimize large differences in axial kinetic
energy. If the instrument is not properly tuned, this
energy distribution may lead to peak splitting and
rapid dephasing of the ion packet. However, in all
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injection event only. (e) Cathode potential set at
event only. The “double trap” experiment is i
experiment is indicated by the dotted line.cases, a distribution of z-axis kinetic energies is, to someextent, unavoidable. This is important because these
ions will have slightly different reduced cyclotron fre-
quencies that will not result in observation of multiple
peaks in the mass spectrum, but rather, a decrease in
ion intensity due to increased dephasing of ion cyclo-
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0.4 V; the dotted line represents the second ion
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ted by the solid line; the single ion injection0
V)
f the
ed ga
cath
) Non
at 
0.4 V
ndicatron motion. EPIC reduces the radial electric field
477J Am Soc Mass Spectrom 2008, 19, 467–478 AXIAL ENERGY AND CYCLOTRON FREQUENCYvariations encountered by ions with a distribution of
z-axis kinetic energies and can thus improve sensiti-
vity, resolution, and mass accuracy by decreasing this
dephasing mechanism as we have observed.
Conclusions
The observed cyclotron frequency for ions that have
been cooled to the center of the ICR cell was higher than
that of ions with larger z-axis oscillation amplitudes.
Space charge effects did not appear to have a significant
impact on the measured ion cyclotron frequency. How-
ever, the dominant divergence in observed cyclotron
frequency between ion packets of distinctly different
kinetic energy can be attributed to the difference in axial
oscillation amplitude of the ions along the center of the
ICR cell. Bradykinin (M2H)2 ions of different axial
kinetic energies were detected in the same spectrum to
minimize differences that are associated with changing
space charge conditions. At the excited ion cyclotron
radii, the ion will experience differences in the radial
electric field as it transverses the ICR cell. These differ-
ences become larger as differences in the ion kinetic
energy increase. Since the force from the radial electric
field produces magnetron motion, the magnetron fre-
quency will change at different axial positions. Ions of
different axial amplitude exhibit different magnetron
frequencies that were determined experimentally and
correlated well with the theoretical magnetron frequen-
cies calculated in SIMION 7.0. Changes in magnetron
frequency produce differences in observed cyclotron
frequency. With the application of EPIC, changes in the
radial electric field across the z-axis of the ICR cell at a
selected cyclotron radius can be minimized. Therefore,
as the ions of different kinetic energy oscillate along the
z-axis of the ICR cell, they will experience little change
in the radial electric field. Thus, the observed cyclotron
frequency becomes independent of z-axis position and
dephasing mechanisms resulting from z-axis–dependent
changes in magnetron frequency can be minimized.
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